Cycle shape. A typical sunspot cycle in Fig. 1 is characterized by a sharp rise from minimum to maximum, lasting 3-6 years (on average 4.8). The duration of the rise phase is anticorrelated with the height of the maximum (Waldmeier's rule). The maximum is followed by a gradual decline lasting 5-8 years (on average 6.2). Whereas the maxima of the Z urich number are typically well-de ned, this is not the case for some other solar activity indices. For example, it has been suggested that the number of large sunspots has a double-peaked maximum.
Most indices vary roughly in phase with the sunspot number, and therefore the sunspot extrema are also referred to as the solar minimum and the solar maximum. On the other hand, some coronal indices are clearly out of phase with the sunspot cycle, and they peak at the sunspot minimum (see below).
Cycle length and amplitude. Individual sunspot cycles since 1710 lasted between 7 and 14 years (on average 11) and had amplitudes in the range 38 R 201 (on average 105). No signi cant correlation between length and amplitude of individual cycles has been found. For nearly all of the cycles 0-21, the amplitude of an odd-numbered cycle exceeds that of the preceding even-numbered cycle (the Gnevyshev-Ohl rule).
Magnetic bipoles. Sunspots are sites of strong magnetic elds (B 2 ? 3 kG). Frequently, they form bipolar pairs, consisting of a leading spot and a trailing spot with respect to the solar rotation. Virtually all bipolar pairs obey the Hale-Nicholson polarity rules: (1) the magnetic polarities of leading and trailing spots are opposite, and those of the leading spots in one hemisphere are opposite to those of the leading spots in the other hemisphere; (2) the predominant sunspot polarities reverse after the solar minimum. Taking into account this polarity reversal, the magnetic eld has a period of about 22 years, which is referred to as the Hale cycle.
The axes of bipolar pairs are slightly tilted with respect to the equator, leading spots being closest to the equator (Joy's rule). Tilt angles (on average 4 o ) increase with latitude, but show no signi cant variation with the solar cycle. Also the relative size distribution of active regions is almost invariant throughout the cycle. The only exception is a period of 2-3 years before solar minimum, during which small bipolar regions are relatively more frequent. This is due mainly to the emergence of opposite-polarity ephemeral regions at high latitudes. They follow the Hale cycle with a minimum preceding the solar minimum by about 1 year.
Butter y diagram. The latitudinal distribution of sunspots as a function of time can be viewed from the butterfly diagram (Fig. 3) . Sunspots, indicated by black dots, appear in two belts parallel to the equator, whose midpoints migrate equatorward from about 27 o to about 8 o during the course of a cycle (Sp orer's law), and whose widths attain a maximum of about 36 o during the sunspot maximum. The polarities of the northern and southern wings of the butter y diagram are opposite, and they alternate from one Schwabe cycle to the next. Sunspots exist for at most a few months, and they hardly migrate themselves, but in the course of a cycle, every new sunspot appears on average at a lower latitude.
Sunspots and active regions have a tendency to emerge near existing active regions. These loci of ux emergence, referred to as active nests or active longitudes, may live up to 6 months (! Solar active regions: solar activity complexes). The magnetic eld of sunspots probably has its origin near the base of the convection zone, at a depth of about 200.000 km, and the butter y diagram traces this deeprooted, large-scale magnetic eld.
Magnetic network. Magnetograms (Fig. 2) reveal an extended pattern of surface elds, referred to Polar eld. The weak polar magnetic field has mainly one polarity at each pole, and the two poles have opposite polarities. Between the solar minimumand the solar maximum, its polarity on each hemisphere agrees with that of the leading spots of bipolar pairs. Around the solar maximum, the polar eld changes its sign.
Other periods besides the Hale cycle. If the Sun's surface eld as a function of time is decomposed in terms of spherical harmonics, one nds very different frequency spectra for axisymmetric modes (i.e. m = 0) with odd`(i.e. antisymmetric with respect to the equator) and axisymmetric modes with even`.
Whereas odd-`modes are dominated by the Hale cycle, even-`modes are weaker and have no single, wellde ned frequency. No such di erence between even and odd-`modes is observed for non-axisymmetric modes (m 6 = 0), which have a main peak at the Hale cycle, and smaller peaks at its higher harmonics, almost irrespective of`. Altogether though, the reality of magnetic cycles shorter than the Hale cycle is still uncertain.
Magnetic cycles longer than the Hale cycle have also been proposed. The sunspot record appears to be modulated by a period of 80-90 years, referred to as the Gleissberg cycle, but the number of oscillations is very small (about 3 can be seen in Fig. 1 ). There is some evidence for this and longer periodicities in the records of 14 C and 10 Be, but their existence remains uncertain (!Long-term records of solar activity).
Grand minima. During the so-called Maunder minimum (1645-1715) sunspots were very few and, prior to 1700, no cycles are apparent. Coverage of the sunspot record in this period is estimated to be about two thirds, and the reality of the Maunder minimum is undisputed. This and earlier grand minima such as the Sp orer minimum(1420-1530) are clearly visible in the 14 C and 10 Be data. Timing and duration of the known grand minima are irregular, but the Sun may have spent as much as a third of its time in grand minima. Surprisingly, these records also suggest that the solar cycle continued throughout the Maunder minimum at a reduced level, an issue which is of particular interest for solar dynamo theory (!Dynamos: solar and stellar). More recent but less impressive prolonged minima, visible in Fig. 1 , are the Dalton minimum (1800-1830) and the Modern minimum .
Grand minima are but the most conspicuous manifestations of solar variability, which is also apparent e.g. in length and amplitude variations of the sunspot cycle. The question whether solar variability should be ascribed to (quasi-)periodic or chaotic nonlinear behaviour on the one hand, or to stochastic processes on the other hand remains as yet unresolved due to the lack of a su ciently long dataset (! Dynamos).
North-south asymmetry. Asymmetry between sunspot activity in the northern and southern hemispheres is larger than average during solar minima and was particularly strong during the Maunder minimum, when the few observed sunspots seem to have been concentrated on the southern hemisphere. Smaller but nevertheless clear north-south asymmetries can be seen in the regular sunspot cycle as well, e.g. during the years 1955-1965 (Fig. 3 ).
Irradiance and spectral properties Solar-cycle modulations are apparent throughout most of the Sun's electromagnetic spectrum, which extends from radio to gamma-ray energies (!Solar activity indices). Only in the far infrared, a technically di cult spectral range, no modulation has been demonstrated yet. Data for a selection of full-disk spectral indices are included in Table 1 . They exhibit a wide range of minimum-to-maximum variations, from 0:1% for total solar irradiance up to factors > 100 for the X-ray ux at 0:1 ? 0:8 nm. As a general rule, the larger the solar-cycle modulation of an index is, the more it is dominated by phenomena related to strong magnetic elds. Solar irradiance, like most spectral indices, is largest at the solar maximum, in spite of the darkening by sunspots. This net luminosity increase is attributed largely to an overcompensation by photospheric faculae, the number of which peaks at solar maximum. Solar oscillations and internal structure The frequencies of solar p-mode oscillations increase by up to 0:1% from solar minimum to solar maximum (! Helioseismology). The shift increases with frequency, and is largest for oscillations with a period of about 4 minutes. Such a frequency dependence is interpreted as evidence that the shifts are caused by magnetic elds near the solar surface, rather than by a deeprooted eld. At the solar minimum, p-mode amplitudes are about 35% larger than at the solar maximum.
The rotational splittings of p-mode frequencies also depend on solar-cycle phase. They are possibly related to solar-cycle variations in the Sun's internal rotation, but attempts to derive angular-velocity changes from the measured frequency splittings have so far yielded inconclusive results.
A solar-cycle modulation of the neutrino ux originating in the Sun's core is unproven, and seems unlikely on theoretical grounds (!Neutrinos). No signi cant solar-cycle modulation of the solar diameter and oblateness has yet been found.
Velocity elds Solar-cycle changes in the surface rotation rate of the Sun are seen in Dopplergrams, and are traced by sunspots and other surface features (!Solar rotation). The Doppler data reveal a pattern of parallel belts of faster and slower rotation known as torsional oscillations, reminiscent of the butter y diagram.
Their amplitude is 5 ? 10 m s ?1 (i.e. 0:25 ? 0:5% of the surface rotation), and the regions of maximal shear coincide more or less with sunspot latitudes. Whereas these belts were once thought of as being uninterrupted during the 16-20 years of their migration from pole to equator, persistent gaps at mid latitudes now suggest that their pattern is in fact more complex. Solarcycle changes in the rotation rate of sunspots are larger (4?5%) and do not show evidence of latitude migration. The largest value of the sunspot rotation rate occurs at the sunspot minimum, and a smaller peak occurs at the sunspot maximum. Doppler measurements also reveal a general poleward meridional flow of 10 ? 20 m s ?1 at all latitudes, with no visible solar-cycle modulation. A poleward drift of similar magnitude is seen in the motion of unipolar magnetic regions at high latitudes. Their velocity is largest around the solar maximum. The latitudinal drift of sunspots is typically 10 times smaller. It is not generally poleward, and can be di erent for leading and trailing spots. There is some evidence for a solar-cycle dependence. Finally, there are indications for solar-cycle changes of the granulation. At the solar maximum, size and ow speed of the granules seem somewhat reduced, but this modulation needs further con rmation.
Coronal indices and solar wind
The shape of the corona changes during the solar cycle. At the solar minimum it is elongated along the equatorial direction, and polar plumes can be seen. At the solar maximum, most of the disk is surrounded by coronal loops and coronal streamers, giving the corona a rounder shape. This increase of coronal activity at solar maximumis also evidenced by the number of coronal mass ejections and by the green coronal index (Table 1) . Some coronal indices vary out of phase with the sunspot cycle, and peak at the sunspot minimum. These include the number of polar faculae, X-ray bright points and coronal holes. Coronal holes exist during most of the solar cycle and occur less frequently only during a few years near solar maximum.
Prominences and solar flares are phenomena related to active regions, and their numbers vary in phase with the solar cycle. Solar-wind speed and the spiral angle of the interplanetary magnetic field are slightly reduced during the solar maximum (Table 1) . This near-constancy of the solar wind may in part arise because it is fed with particles from both ares and coronal holes, the numbers of which vary out of phase with one another. However, the ux of highenergy solar particles is more strongly modulated because they are produced mainly by ares.
Extended solar cycle
The extended solar cycle is a concept based on the observation that several branches that are assigned to consecutive cycles can coexist in the butter y diagram, and seem to be continuous across the solar minimum. The main example is the emergence of opposite-polarity bipolar ephemeral regions at high latitudes, 2-3 years before the solar minimum, apparently precursors of a new cycle. Also observations of the green coronal line, filaments, torsional oscillations, and the reversal of the polar eld near the solar maximum may be men-tioned. Dynamo theory suggests that such overlapping bands are a consequence of travelling wave fronts.
Terrestrial indices
The solar-terrestrial connection is a wide and complex subject, and the implications of the solar cycle for the Earth's climate are controversial due to uncertainties of atmospheric physics and climate modelling. Out of the many solar-terrestrial correlations that have been proposed, only a selection is given here.
It is well-established that the strength of the Earth's magnetic eld, as measured by the aa-index, varies in phase with the solar cycle. The eld increase is attributed to compression of the Earth's magnetopause due to coronal mass ejections, the number of which peaks at solar maximum. The solar wind carries a magnetic eld into interplanetary space, which provides enhanced shielding of cosmic rays during solar maximum. The resulting solar-cycle modulation of the cosmic-ray ux at Earth is typically 50%. This is subsequently passed on to various other indices, including the rate at which radio isotopes are produced in the upper atmosphere. Measurements of the concentration of 10 Be in arctic ice cores and of 14 C in tree rings thus provide a unique tool for studying the history of solar activity (!Solar activity: long-term records). Due to di erent atmospheric storage times, the solarcycle variations in these records are reduced to about 25% and 2% respectively. The 11-year signal in the 10 Be concentration follows the solar cycle with a delay of 0:5 ? 1:5 years.
The number of aurorae is related to the total particle ux emitted by the Sun, and it is weakly modulated by the solar cycle. Low-latitude aurorae occur only around the solar maximum; they are attributed to are-related high-energy particles, whose number peaks at the solar maximum.
Climate models indicate that the solar-cycle variation of the Sun's irradiation has only a marginal effect on terrestrial temperatures (about 0:05 K). A more likely solar-cycle in uence on the Earth's climate, if present, would be chemical e ects due to changes in the solar UV-ux. Another possible cause are variations in cloud formation. They may arise from the solarcycle modulation of the cosmic-ray ux, which a ects the availability of condensation nuclei.
Examples of climate indices that show some evidence of a solar-cycle modulation are pressure scale height and temperature at low latitudes. The evidence for such modulations is however mostly based on a small number of cycles (often 1-2), which is probably insucient. Also a remarkable anticorrelation between temperature on the northern hemisphere and cycle length has been found, but no mechanism is known that may account for it. Stellar cycles Magnetic cycles have been detected in other stars besides the Sun, as the result of a monitoring project conducted at Mount Wilson since 1966 (!Solar-stellar connection). For some 100 lower main-sequence stars regular measurements are made of the chromospheric Ca II H and K emission cores, which are known to have a magnetic origin from solar observations. Cyclic variations are found predominantly in old, slowly rotating stars of stellar types G-K, among which the Sun. Stars with well-de ned activity cycles have cycle periods ranging from 7 to 14 years. Some stars have long-term activity trends that may turn out to be cyclic as the observations continue. Stars with a low and at activity level may be in a grand minimum. They make up about a third of the total number of solar-type stars, which may be indicative of the fraction of time spent by the Sun in grand minima.
Origin of the solar cycle The solar cycle is a magnetic phenomenon, and its explanation must come from dynamo theory, which concerns the generation of magnetic elds in conducting uids (!Dynamos). Theoretical di culties have as yet prevented a satisfying, comprehensive explanation of the solar cycle. Nevertheless, several elements of the solar dynamo mechanism may be mentioned, that play an important role in most models (!Dynamos: solar and stellar). Magnetic-eld storage. As suggested by the HaleNicholson polarity rules, the prime cause of the solar cycle is an oscillating strong magnetic eld (10 4 ?10 5 G) of predominantly toroidal orientation. This eld can be stably stored not in the convection zone itself, but in the overshoot layer at the base of the convection zone. For su ciently large eld strengths a magnetic buoyancy instability sets in, which leads to the eruption of magnetic loops from the overshoot layer, their subsequent rise through the convection zone and, as a byproduct, the emergence of bipolar pairs of sunspots at the solar surface (Fig. 4a) .
Alpha-e ect. Convection or magnetic instabilities can cause a magnetic ux element to rise or to sink. Due to the strati cation of the atmosphere, a rising gas parcel, say, will generally expand. Through the Coriolis force, rotation provides this diverging ow pattern with a twist that is clockwise on the northern hemisphere and anticlockwise on the southern hemisphere. A sinking, contracting parcel acquires a twist of the opposite sense. The embedded magnetic eld is also twisted, and thus poloidal loops may be formed around an initially toroidal ux element (Fig. 4a) . This amounts to the creation of a net electric current parallel to the magnetic eld, and is referred to as the alphaeffect. Through the alpha-e ect, a net poloidal magnetic eld is generated from the toroidal magnetic eld.
Di erential rotation. In the solar overshoot layer, rotation varies strongly with depth (! Solar rotation). This differential rotation, in turn, stretches the poloidal eld into a strong toroidal eld.
Both the alpha-e ect and the existence of an overshoot layer point to the crucial role played by convection in the solar dynamo. Together, the alpha-e ect and di erential rotation maintain the solar magnetic eld. They enable the formation of new toroidal ux elements of both polarities adjacent to an initial toroidal ux element. If this ux merges in a suitable manner, and if the di erential rotation and the alpha-e ect have the proper sign, the net e ect can be magnetic belts that migrate toward the equator. As the northern belt and the southern belt, which has the opposite polarity, meet at the equator, they both annihilate. At high latitudes, magnetic elds of opposite polarity, marking the beginning of a new cycle, may be formed in this way (Fig. 4b) . Thus, the solar cycle may be a travellingwave phenomenon of the deep-rooted magnetic eld.
The spatial distribution of magnetic ux at the solar surface may be largely explained by an additional flux transport model based on ux emergence in active regions, and surface transport by turbulent diffusion and meridional flow. Part of the magnetic energy can be released through various conversion mechanisms, and this leads to the broad range of solarcycle modulations. 
